Collections of Puccinia triticina, the wheat leaf rust fungus, were obtained from Great Britain, Slovakia, Israel, Germany, Australia, Italy, Spain, Hungary, South Africa, Uruguay, New Zealand, Brazil, Pakistan, Nepal, and eastern and western Canada. All single-uredinial isolates derived from the collections were tested for virulence polymorphism on 22 Thatcher wheat lines that are near-isogenic for leaf rust resistance genes. Based on virulence phenotype, selected isolates were also tested for randomly amplified polymorphic DNA (RAPD) using 11 primers. The national collections were placed into 11 groups based on previously established epidemiological zones. Among the 131 single-uredinial isolates, 105 virulence phenotypes and 82 RAPD phenotypes were described. In a modified analysis of variance, 26% of the virulence variation was due to differences in isolates between groups, with the remainder attributable to differences within groups. Of the RAPD variation, 36% was due to differences in isolates between groups. Clustering based on the average virulence distance (simple distance coefficient) within and between groups resulted in eight groups that differed significantly. Collections from Australia-New Zealand, Spain, Italy, and Britain did not differ significantly for virulence. Clustering of RAPD marker differences (1 -Dice coefficient) distinguished nine groups that differed significantly. Collections from Spain and Italy did not differ significantly for RAPD variation, neither did collections from western Canada and South America. Groups of isolates distinguished by avirulent/virulent infection types to wheat lines with resistance genes Lr1, Lr2a, Lr2c, and Lr3 also differed significantly for RAPD distance, showing a general relationship between virulence and RAPD phenotype. The results indicated that on a worldwide level collections of P. triticina differ for virulence and molecular backgrounds.
Leaf rust (Puccinia triticina Eriks. = P. recondita f. sp. tritici [1] ) is a common pathogen of wheat (Triticum aestivum L.) found in many diverse wheat-growing areas throughout the world. Saari and Prescott (26) broadly defined different epidemiological zones of wheat leaf rust: Mexico; the United States and Canada; southern Asia; western Asia; eastern Europe and Egypt; southern Africa; North Africa and western Europe; the Far East; southeastern Asia; South America; and Australia and New Zealand. These groupings were mostly determined by a combination of global geographical features and patterns of the prevailing winds that influence dispersal and spread of urediniospores. Regional collections within countries have also been described. Kolmer (13, 15) described distinct collections of P. triticina in eastern and western Canada based on virulence phenotypes. Leonard et al. (19) showed that different virulence phenotypes could be found in geographical areas of the United States. Collections of P. triticina in western and eastern Europe were shown to differ for predominant virulence phenotypes (24) .
Collections of P. triticina in North America and generally throughout the world reproduce asexually (27) . The principle alternate host of P. triticina, Thalictrum speciosissimum L. (1, 27) , is not found in North America or most parts of the world. Infected T. speciosissimum plants have been described in Portugal (7) . Thalictrum species native to North America are resistant to basidiospore infection (5) . There are, however, isolated reports of P. triticina aeciospores pathogenic to wheat found on native North American Thalictrum species (20) . In most parts of the world, sexual reproduction is not epidemiologically important. There is also little or no evidence indicating that sexual reproduction plays an important role in generating new genotypes of P. triticina, although this possibility cannot be discounted entirely.
In a previous study, Kolmer et al. (18) showed that isolates of P. triticina in eastern and western Canada that differed for virulence phenotype also differed for molecular background. There was a general relationship between the virulence phenotypes and molecular phenotypes of isolates in the two different populations. The asexual reproduction of P. triticina in North America maintains strong associations between virulence and molecular polymorphisms within distinct groups of the leaf rust fungus. The objectives of this study were to compare virulence and random amplified polymorphic DNA (RAPD) phenotypes of P. triticina collections from different parts of the world and to determine if the same general relationship between the two markers characteristic of the North American populations is also characteristic of isolates from various countries. TDGFRQ  000011001011100  13  CA1 77-2  1, 2a, 2c, 3, 16, 24, 10, 14a, 14b, 15, 20, 23, 28  TJBFRQ  000011001011100  13   CA2 109-2  2c, 3, 3ka, 30, B, 14a, 14b, 15, 20, 23  FBMMRL  100110010111000  48  CA2 38-2  1, 2c, 3, 17, B, 3bg, 15, 20, 23, 28  PBDQHQ  000110001111100  16  CA2 109-1  1, 2c, 3, 11, 3bg, 14a, 14b, 15, 20, 23, 28  PBGHRQ  100011000111000  34  CA2 134-3  1, 2c, 3, 3ka, B, 10, 14b, 15, 20, 23, 28  PBLHRQ  111100010111001  76  CA2 114-1  1, 2c, 3, 3ka, 30, B, 14a, 14b, 15, 18, 20, 23, 28  PBMMTQ  100111000111000  57  CA2 104-2  1, 2c, 3, 3ka, 11, 30, B, 3bg, 10, 14b, 15, 18, 20, 23, 28  PBRSTQ  111110010111000  80  CA2 195-2  1, 2c, 3, 26, 3ka, 11, 30, B, 3bg, 10, 14b, 15, 18, 20, 23, 28  PCRSTQ  111110010111001  81  CA2 124-3  1, 2a, 2c, 17, 10, 14b, 15, 20, 28  SBDDRG  011110001011000  27  CA2 71-2  1, 2a, 2c, 3, 24, 3ka, 11 Thatcher RL 6161 was included as a susceptible control. Inoculation, incubation, and greenhouse conditions were as previously described (12) . Infection types 0 to 2 + were classified as avirulent, and infection types 3 to 4 were classified as virulent. Virulence phenotypes of the isolates were described with an expanded version of the Prt nomenclature (22) . The first three letters correspond to the avirulent/virulent infection types on the three sets of four differentials in the Prt nomenclature (22): Lr1, Lr2a, Lr2c, and Lr3; Lr9, Lr16, Lr24, and Lr26; and Lr3ka, Lr11, Lr17, and Lr30, respectively. The fourth letter describes avirulent or virulent infection types on differentials with genes LrB, Lr3bg, Lr10, and Lr14a. The fifth letter describes infection types on differentials with genes Lr14b, Lr15, Lr18, and Lr20. The sixth letter describes infection types on differentials with genes Lr23 and Lr28, with two imaginary differentials always set to avirulent.
Determination of molecular phenotypes. Urediniospores of the P. triticina isolates were increased on seedlings of 'Little Club' wheat and germinated as previously described (21) . DNA extraction, RAPD-polymerase chain reaction conditions, and running and scoring of gels were as previously described (18, 21) . Arbitrary 10-base primers 402, 450, 489, 517, 519, 521, 538, 556, and 889 from the University of British Columbia Biotechnology Laboratory (Vancouver, British Columbia, Canada); OPR2 from Operon Technologies (Alameda, CA); and the simple sequence repeat primer CRC 12 synthesized at the Cereal Research Centre (Winnipeg, Manitoba, Canada) were used in this study. Sequences and photographs of amplification products for all the primers have been published previously (18, 21) . For all primers, only the major polymorphic bands were considered. All isolates were tested at least twice with each primer to confirm the DNA banding pattern. Primers 519 and 489 generated four and two polymorphic bands, respectively, that were scored independently. All other primers generated a single polymorphic band that was scored as either present or absent. A 15-digit binary number based on the presence or absence of polymorphic DNA bands was used to describe the RAPD phenotype of each isolate. Each binary number was assigned a RAPD phenotype number after being sorted in ascending order. The polymorphism generated by these primers was previously shown to be genetically independent of any virulence phenotypes (21) .
Data analysis. Only isolates that had a unique virulence-RAPD phenotype from each country were included in the analysis. There were no clones from the same country included. Generally, one to two isolates of each virulence phenotype from each country were tested for RAPD phenotype. Previous studies indicated there was usually no or little RAPD variation between isolates with the same virulence phenotype. If isolates with the same virulence phenotype had different RAPD phenotypes, then both isolates were included in the data analysis. If isolates had the same virulence and RAPD phenotypes, then only one isolate was included. A total of 131 isolates was included in the final data analysis. Collections from Slovakia, Germany, and Hungary were grouped together to form the central Europe collection based on previous survey data (3, 24) , which indicated that isolates with similar or identical virulence phenotypes were collected from these countries. Isolates from Uruguay and Brazil were grouped together as the South America collection, since these countries are in the same epidemiological zone (9, 26) . Collections from Australia and New Zealand were grouped together, since virulence phenotypes in Australia migrated to New Zealand (23, 25) . Isolates from Pakistan and Nepal were grouped together, since similar or identical virulence phenotypes were previously found in the two countries (11) . Collections from Great Britain, Israel, Italy, Spain, and South Africa were considered separately. Isolates from western Canada were designated as the Canada-1 collection, and isolates from eastern Canada were designated as the Canada-2 collection. A modified analysis of variance based on a matrix of squared-distances among all pairs of phenotypes and multiple permutations-randomizations of the data set (8) was used to partition virulence and RAPD variation within and between the different P. triticina collections. This analysis of molecular variation was originally adapted for partitioning molecular variation in collections of nonrecombinant human mitochondrial genomes. The analysis of variance produced estimates of variance components that reflect the phenotypic diversity at different hierarchical levels (10) .
The average number of virulence differences within and between pairs of isolates in the different collections was determined using the simple distance coefficient: d/n, in which d = number of virulence differences between paired isolates; and n = total number of virulences.
The average RAPD difference between pairs of isolates in the different collections was determined using the complement of the
Separate two-dimensional principal coordinate plots of the individual isolates based on virulence and RAPD phenotypes were developed using NTSYS-pc version 1.8 (Exeter Software, Setauket, NY). The two-dimensional eigenvectors for individual isolates were derived by transforming the symmetric dissimilarity matrices with DCENTER. The double-centered matrices were then used with EIGEN to calculate the eigenvectors.
The matrices of the average virulence and RAPD differences between collections were used to construct dendrograms using SAHN clustering in the UPGMA program in NTSYS-pc. COPH was used to derive cophenetic value matrices from the dendrograms, which were correlated with the original dissimilarity matrices. Three-dimensional principal coordinate plots of the virulence and RAPD differences between collections were constructed using the DCENTER and EIGEN programs. A two-dimensional dendrogram and a threedimensional principal coordinate plot of RAPD differences between isolates in virulence groups defined by avirulent/virulent infection types on the Thatcher lines with Lr1, Lr2a, Lr2c, and Lr3 were also constructed. Associations between virulences to specific Lr genes and polymorphic DNA bands were determined using Fisher's exact test (29) in PROC FREQ of SAS (SAS Institute, Cary, NC).
RESULTS
There were 105 virulence phenotypes and 82 RAPD phenotypes (Table 1 ) among the 131 P. triticina isolates examined in this study.
Isolates from some collections were identical for RAPD phenotype, although they differed for virulence phenotype. RAPD phenotype 13 occurred in eight virulence phenotypes in the Canada-1 collection; RAPD phenotype 45 occurred in six virulence phenotypes in the Israel collection; and RAPD phenotypes 11 and 13 each occurred in four virulence phenotypes in the Brazil-Uruguay collection. The other collections had nearly equal numbers of RAPD phenotypes and isolates.
RAPD phenotypes 13 and 45 were the most common RAPD phenotypes (Table 1) . RAPD phenotype 13 was found in 14 isolates and was a common phenotype in the Brazil-Uruguay and Canada-1 collections. One isolate of RAPD phenotype 13 was also found in the Hungary and New Zealand collections. RAPD phenotype 45 (nine isolates in total) was a common phenotype in the isolates from Israel and was also found in one isolate each from the New Zealand and Pakistan collections.
The most common virulence phenotype was LCGFSQ, which occurred in a total of four isolates from Uruguay, Great Britain, and New Zealand. The LCGFSQ isolates from Uruguay and New Zealand had RAPD phenotype 11. Other virulence phenotypes were also widely distributed: BBBNLL occurred in single isolates from Britain, Israel, and Germany; and TBDKTQ occurred in one isolate from Hungary and two isolates from Uruguay. One of the Dissimilarity between P. triticina collections was measured using the simple distance coefficient. B, Dendrogram based on 15-digit random amplified polymorphic DNA (RAPD) phenotypes. Dissimilarity between P. triticina collections was measured using the complement of the Dice coefficient (1 -Dice coefficient). C, Dendrogram of RAPD differences within and between sets of isolates grouped according to avirulent/virulent infection types to Thatcher wheat lines with genes Lr1, Lr2a, Lr2c, and Lr3 (22) . B = Avirulent to all four genes; C = virulent to Lr3; D = virulent to Lr2c; F = virulent to Lr2c and Lr3; K = virulent to Lr2a, Lr2c, and Lr3; L = virulent to Lr1; M = virulent to Lr1 and Lr3; N = virulent to Lr1 and Lr2c; P = virulent to Lr1, Lr2c, and Lr3; S = virulent to Lr1, Lr2a, and Lr2c; and T = virulent to all four genes. Dissimilarity between P. triticina collections was measured using the complement of the Dice coefficient (1 -Dice coefficient). ficients converted to eigenvectors) is shown in Figure 1A . On an individual basis, it is difficult to see discrete groupings, as isolates from different collections can be found in more than one area of the plot. However, isolates from the same collection tended to group closer than with isolates from other groups. The first two dimensions accounted for 37% of the variation.
The 131 isolates were also examined for differences in virulence (simple distance coefficient) within and between the 11 collections (Table 2) . Collections from Great Britain and Italy were the least variable for virulence with an average of 0.20 difference, while the collection from central Europe was the most variable at 0.38. The weighted average virulence difference within all collections was 0.28. In pairs of collections, isolates from Spain and Italy differed the least for virulence with an average of 0.23, while isolates from South Africa and central Europe and from Great Britain and Brazil-Uruguay differed the most with an average of 0.47. The weighted average virulence distance between all collections was 0.38. In the modified analysis of variance, differences between collections accounted for 26% (P < 0.001, 10,000 randomizations) of the total virulence variation. The remaining variation occurred between isolates within collections.
The average virulence distances between collections from Table 2 were also plotted in dendrogram form using the UPGMA procedure ( Fig. 2A) . Branch points between different collections that were greater than the upper 95% confidence level of the within-collection mean were considered as significant. Using this criterion, there were eight distinct groups based on virulence polymorphism. Collections from Australia-New Zealand, Spain, Italy, and Great Britain did not differ significantly for virulence. The other seven groups had significant differences in virulence. The correlation of the virulence difference matrix with the cophenetic dendrogram matrix was 0.89.
The average virulence distances between groups were also plotted in three-dimensional space using principal coordinates (Fig. 3A) . Collections from Australia-New Zealand, Spain, Italy, and Britain were fairly close together, while collections from central Europe, South Africa, and Canada-2 were separated from the other groups. The first three dimensions accounted for 44% of the total variation.
The isolates were also examined for differences in RAPD variation within and between collections. The two-dimensional principal coordinate plot of individual isolates based on differences in RAPD phenotype (Fig. 1B) (1 -Dice coefficient converted to eigenvectors) was more scattered compared with the virulence plot. There was no discrete grouping of isolates; however, isolates from the same collections were generally found in the same area of the plot, even though there was considerable overlap of isolates from different collections. The first two dimensions accounted for 48% of the variation.
Isolates from Australia-New Zealand had the highest average within-collection RAPD variation of 0.38 ( Table 2 ). The Canada-1 collection had the lowest within-collection RAPD variation of 0.07. The overall weighted average within-collection RAPD difference was 0.26. The average RAPD differences between collections ranged from 0.64 for Italy compared with Brazil-Uruguay, and 0.12 for a ** = Significant association, P < 0.01. b Blank = Nonsignificant association, P > 0.05. c * = Significant association, 0.01 < P < 0.05.
Canada-1 compared with Brazil-Uruguay. The overall weighted average RAPD difference between collections was 0.39. The modified analysis of variance indicated that 36% of the RAPD variation (P < 0.001, 10,000 randomizations) could be attributed to differences between collections, with the balance due to variation between isolates within collections.
With UPGMA clustering, there were nine groups based on the average RAPD differences between and within collections (Fig.  2B) . Isolates from Spain and Italy grouped together, as did isolates from Brazil-Uruguay (South America) and Canada-1. The matrix of RAPD differences had a 0.79 correlation with the cophenetic dendrogram matrix. The virulence and RAPD distance matrices used to construct the dendrograms in Figure 2A and B had a correlation of 0.49. In a three-dimensional principal coordinate plot, the Canada-2 and South Africa collections were the most distant from the other collections (Fig. 3B) . The remaining collections were closer together in three-dimensional space. The first three dimensions accounted for 52% of the variation.
To determine if there was a relationship between virulence phenotypes and RAPD phenotypes, the 131 isolates were grouped according to virulence on the four differential Thatcher lines with resistance genes Lr1, Lr2a, Lr2c, and Lr3. Differential lines with these four genes broadly describe major virulence groups of P. triticina and were used for many years as the differentials in the Unified Numeration nomenclature (4). Eleven virulence groups were distinguished on the basis of avirulent/virulent infection types to these four differential lines (Table 3 ). The weighted average RAPD difference among isolates within virulence groups was 0.26 and the weighted average RAPD distance between virulence groups was 0.40. The D (virulent to Lr2c) and L (virulent to Lr1) groups had the largest average RAPD distance with 0.63. The L group also had an average RAPD distance of 0.60 with the B (avirulent to all four differentials) group of isolates. The smallest average RAPD distances between groups were 0.20 between the D and N (virulent to Lr1, Lr2c) groups and 0.21 between the M (virulent to Lr1, Lr3) and L groups.
The RAPD distances between virulence groups were also plotted as a dendrogram (UPGMA clustering) in Figure 2C . The matrix of RAPD differences between groups had a 0.79 correlation with the cophenetic matrix derived from the dendrogram. There were seven virulence groups that had branch points greater than the upper 95% confidence level of the average within-RAPD group distance. Isolates in the D, N, and F (virulent to Lr1, Lr2c, and Lr3) virulence groups were not significantly different for RAPD varia-
) phenotypes formed individual groups. At 40% dissimilarity, there were two major clusters: the B, D, N, F, P, and K phenotypes grouped together, and the C, L, M, T, and S phenotypes grouped together in a second cluster. The D, N, F, and P isolates in the first major cluster are all avirulent to Lr2a and virulent to Lr2c, while in the second major cluster, all isolates were either avirulent or virulent to both Lr2a and Lr2c.
Similar relationships were seen in three-dimensional principal coordinate representation of RAPD distance between virulence groups (Fig. 3C) . The M, L, and T groups were close together, as were the F and P groups. The other virulence groups were more separated for RAPD distance. The first three dimensions accounted for 54% of the variation.
The 131 isolates were also tested for nonrandom associations between virulences, between RAPD markers, and between virulences and RAPD markers. Virulences to genes Lr9 and Lr16 were not included, since few or no isolates virulent to these genes were analyzed. Of the 190 virulence pairs that were considered, 69 (36%) were significantly associated (P < 0.05) as determined by Fisher's exact test (Table 4 ). Virulence to Lr15 was associated with 15 other virulences, and virulences to Lr1 and Lr3 were associated with 10 and 9 virulences, respectively. Virulence to Lr23 was associated with only two other virulences.
All polymorphic DNA bands except 889, 0.7 kb, were tested for association. Of the 91 pairs of DNA bands that were considered, 48 pairs (54%) were significantly associated (P < 0.05) according to Fisher's exact test (Table 5 ). Bands 402, 1.5 kb; 517, 0.6 kb; 519, 2.2 kb; 519, 0.8 kb; 538, 0.9 kb; and 556, 1.3 kb, were associated with either 10 or 9 other bands. Bands 450, 1.0 kb; 489, 1.0 kb; and OPR2, 1.3 kb, were relatively randomly distributed in the overall collection.
Of 280 virulence-DNA band pairs, 111 (40%) were significantly associated (P < 0.05) according to Fisher's exact test (Table 6) . Virulences to Lr1, Lr3, LrB, Lr15, and Lr28 were associated with 10, 9, 9, 10, and 11 polymorphic DNA bands, respectively. Bands 402, 1.5 kb; 517, 0.6 kb; 519, 2.2 kb; 519, 1.0 kb; and 556, 1.3 kb, were associated with 13, 15, 11, 12, and 11 virulences, respectively. Virulences to Lr10, Lr20, and Lr23 were associated with only two DNA bands each. DNA bands 450, 1.0 kb; 489, 1.0 kb; and OPR2, 1.3 kb, were associated with only one, one, and two virulences, respectively. 
DISCUSSION
This study indicated that on a worldwide basis collections of P. triticina differ for virulence as well as molecular backgrounds. While P. triticina isolates from different collections differed for virulence and RAPD phenotypes, there was also variation within collections.
Virulence and RAPD variation between and within worldwide P. triticina collections are determined by the genotypes of the isolates that were originally introduced to the different regions (23) ; by overwintering of leaf rust infections within regions and spread of urediniospores between regions (19); and by mutation and selection of virulent isolates by specific resistance genes on a regional basis (13, 14) . Epidemiologically isolated collections of P. triticina that have similar RAPD backgrounds may have resulted from the introduction to each region of genetically similar isolates from the same origin. Overall, isolates from the central Europe, Canada-1, and the South America collections were more similar for RAPD variation compared with collections from western Europe or Asia. Certain P. triticina groups in North and South America may have had the same origin as the central Europe collection. The Canada-2 collection was closer for RAPD variation to the isolates from the Asia and western Europe collections, which indicated that a number of different P. triticina groups may have been introduced to North America.
Selection of P. triticina phenotypes by host resistance genes would also have a major effect on differentiation of regional collections. (12, 15, 16, 17) . The combination of an overwintering leaf rust population and susceptible host has resulted in a relatively stable population of P. triticina virulence phenotypes that are distinct from those in western Canada. Overall, the P. triticina collections from North and South America were more similar for virulence compared with the collections from central Europe, western Europe, and Asia.
The general relationship between virulence phenotype and RAPD polymorphism that was found in isolates from eastern and western Canada was also found in the international collections of P. triticina. Previously, Kolmer et al. (18) found that isolates avirulent to Lr2a and virulent to Lr2c were highly associated with certain RAPD phenotypes and formed a cluster distinct from isolates that were virulent or avirulent to both resistance genes. This association between virulence phenotype and RAPD polymorphism was also found in the current study. Isolates in virulence groups D, N, F, and P, which are avirulent to Lr2a and virulent to Lr2c, formed one cluster in the dendrogram at 30% dissimilarity, while isolates in virulence groups C, L, M, T, and S, which are avirulent or virulent to both genes, clustered together at 33% dissimilarity for RAPD variation. Isolates in the B and K groups, which are avirulent to both Lr2a and Lr2c, did not cluster with either of the two other groups. B group isolates are unique since they are avirulent to most of the Thatcher differential lines and distinct for RAPD phenotypes. Only two isolates from South Africa were in the K group for this study. RAPD phenotypes of K group isolates from western Canada were previously found to have similar or identical RAPD phenotypes to the M, T, and L isolates (18) .
In the current study, isolates in the S virulence group had distinct RAPD phenotypes compared with those of the other virulence groups. North American S group isolates, which are avirulent to Lr3 and the adult plant resistance gene Lr22b that is in Thatcher, have previously been shown to be unique for a number of characteristics. S group isolates were the most common phenotype in eastern and western Canada before 1944. After the introduction of cultivars with Lr3 and Lr22b, isolates in the S virulence group became virtually extinct in collections of P. triticina from TABLE 6 . Associations as measured by Fisher's exact test between pairs of randomly amplified polymorphic DNA bands generated by arbitrary DNA primers and virulence to specific leaf rust resistance genes in an international collection of Puccinia triticina isolates wheat in North America (14) . These isolates are currently collected in North America from Aegilops cylindrica (goatgrass) in the southern plains and very rarely, if at all, from hexaploid wheat. Burdon and Roelfs (6) showed that S group isolates had a unique isozyme genotype compared with that of other P. triticina isolates in North America. Kolmer et al. (18) determined that a single S group isolate collected in western Canada in the 1950s had a unique RAPD phenotype compared with that of other isolates from western Canada.
Nonrandom association between virulence and molecular markers would be expected in the P. triticina collections, since these collections reproduce clonally. A greater frequency of the RAPD markers were associated compared with that of the virulences. The RAPD bands 402, 1.5 kb; 517, 0.6 kb; 519, 2.2 kb; and 556, 1.3 kb, should be useful for population studies, since these were highly associated with other RAPD markers as well as a number of virulences. Liu and Kolmer (21) compared associations between virulences and RAPD markers in an asexual field population from Canada with a sexually derived collection of P. triticina. In the asexual population, associations between virulences and RAPD markers were stronger and more frequent compared with those of the sexual collection. The collections used in our study were all believed to have originated from areas where the alternate hosts are neither important epidemiologically nor in the maintenance of genetic variation in this fungus.
Collections of P. triticina from diverse regions of the world generally differed for virulence and RAPD phenotypes. In cereal rusts and other plant pathogens, genetic differentiation of populations depends on the relatedness of the original founder populations, movement of individuals within and between populations, and whatever effects mutation and host selection may have on the pathogen population. Currently, one can only speculate on how these factors might contribute to the genetic characteristics of different P. triticina populations in North America and worldwide. The virulence surveys that have been conducted annually in Canada since 1931 showed that P. triticina populations in eastern and western Canada had the same predominant virulence phenotypes prior to the introduction of resistant wheat cultivars in the 1940s in western Canada. The continual use of resistant wheat cultivars in western Canada and the use of susceptible wheats in eastern Canada would have contributed to the current differentiation of the P. triticina populations in these two regions. Differing host selection pressures in the two regions would help to maintain genetically distinct populations. However, migration of P. triticina phenotypes from different regions of North America may also occur. Virulence phenotypes commonly found in western Canada often occur at lower frequencies in eastern Canada in the same year (16, 17) . Urediniospores blown northward from adjacent regions of the United States would also affect genetic diversity in the eastern Canada P. triticina population. The relative contributions of the overwintering leaf rust population and the migrant P. triticina phenotypes in eastern Canada is unknown. Additional research on virulence and molecular differentiation within the different agro-ecological areas of wheat production in North America and worldwide will be needed to ascertain the relative contributions that overwintering, migration, mutation, and host selection have on genetic identity and diversity of P. triticina populations. A more powerful technique for detection of molecular polymorphism, such as amplified fragment length polymorphism, may allow greater discrimination of isolates within and between different virulence groups of the fungus and different geographical regions.
